This Special Issue summarizes the results of several studies aimed at providing information on a series of questions related to the adequate protein and energy intakes that allow adequate growth and function in children and work performance and productivity in adults. The effect of different sources of protein on nitrogen balance and the requirements of essential amino acids in young children were also explored in fully recovered, previously malnourished children housed in the Metabolic Ward of the Biomedical Division of INCAP.
Exercise and growth in young children
A universal finding among children who present with even mild-to-moderate protein-energy malnutrition or who could have had it when young (under 5 years of age) is stunting, measured as length or stature in relation to that of well-nourished children of the same age and sex. The precise mechanisms of stunting are not known, but a universal finding among children with protein-energy malnutrition is their relative inactivity and apathy. This led us to hypothesize that inactivity could play a role in stunting or that physical activity stimulated or allowed normal growth in length. We developed the following hypotheses:
Children diminish spontaneous physical activity upon energy restriction, as we had demonstrated in physically active adult workers [1, 2] . A double-blind pilot study was conducted in fully recovered, previously malnourished children in the Clinical Center at the Institute of Nutrition of Central America and Panama (INCAP). Time-motion studies of these children showed that physical activity declined significantly when they consumed between 70 and 90 kcal/kg/day (the usual intake among preschool Guatemalan children) for 1 week compared with their spontaneous physical activity when they consumed between 120 and 150 kcal/ kg/day.
Activity restriction in weanling rats hinders their growth even when food intake is adequate [3] . A series of studies was conducted comparing inactive with pair-fed active rats. The inactive rats were kept in special individual cages that restricted their mobility and allowed the measurement of food intake as well as urinary and fecal output. The active rats were given two exercise periods on a treadmill every day. Coprophagy was prevented in all groups. Individual food intake in inactive rats was measured daily, and they had paired feeding with the active rats. Cortisol and methyl mandelic acid urinary excretion was measured in every rat to estimate the stress level.
No differences in stress levels between active and inactive rats were detected clinically or by the hormonal and biochemical measurements. We then studied the effects of different energy intakes in experiments with 75%, 50%, and 33% of normal chow intake. Differences in growth in length in favor of the active rats were observed in all cases, the difference being maximal at 50% of normal intake [4] . Crossover experiments were conducted with pair-feeding of 60% of normal chow. After 2 weeks in each exercise regimen, half of the inactive rats were switched to the active regimen (inactive-active), and half of the active rats were switched to the inactive regimen (active-inactive). The other half remained either inactive (inactive-inactive) or active (active-active). Growth rates decreased in the active-inactive rats and increased in the inactive-active rats ( fig. 1) . Body composition and balance studies demonstrated greater feed efficiency in the active rats [3, 4] (table 1) .
Children in the rapid growth phase (recovery from protein-energy malnutrition) who are mildly sedentary (control group: usual activity at the Clinical Center) will grow better when placed on an exercise regimen simulating that of normally active children (active group), all other variables being kept constant. We built a gym for children at the Clinical Center and determined the effects of physical exercise, while other variables (diet, emotional stimulation, and experience of similar games and activities requiring different amounts of energy) were as similar as possible. Daily energy expenditure was calculated for each child for 6 weeks, measured by monitoring oxygen consumption and heart rate during standardized physical activity (walking on a treadmill) and measuring heart rate and time-motion records during daily activities. Food intake (isocaloric) was carefully measured daily and provided a constant 2.5 g/kg/day of protein and 120 kcal/kg/day of energy, plus adequate vitamins and minerals. Nitrogen balance, basal oxygen consumption, body composition by anthropometry, and creatinine height index (CHI) were measured weekly.
The results indicated that nitrogen balance and potassium balance were more favorable in the active group, but the difference between the groups did not reach significance. Compared with the control group, the active group grew faster, gained more lean body mass, and gained less adipose tissue [5] [6] [7] . Both groups grew in height at faster than normal rates for their age, suggesting catchup growth.
Children fully recovered from protein-energy malnutrition (adequate weight-for-height and normal CHI), consuming adequate diets that differ only in the amount of corn oil (0-2 g/kg/day to provide a total energy intake of of 99, 91, or 81 kcal/kg/day), continue to grow in height FIG. 1. Effect of activity and inactivity on the growth of rats receiving a balanced diet restricted to 60% of normal intake. The study was conducted in two periods of 2 weeks each. "Inactive" rats were kept in cages that restricted their mobility; "active" rats were given two exercise periods on a treadmill every day. Half of the rats that were kept active for the first 2 weeks remained active during the second 2 weeks (A-A). The other half were kept inactive for the second 2 weeks (A-I). Similarly, rats kept inactive for the first 2 weeks were either kept inactive for the entire period (I-I) or given exercise during the second 2 weeks (I-A). and in lean body mass at a satisfactory rate for their age while decreasing body fat. Fully recovered (normal) children weighing 10 to 12 kg require between 92 and 98 kcal/kg/day, according to the Food and Agriculture Organization (FAO) and us (see "Protein and energy requirements in children" below.) Five children ate supervised diets at INCAP's Clinical Center that provided 1.73 g protein/kg/day, based on corn and beans plus other vegetables and fruits and supplemented with minerals and vitamins, for three randomly assigned 12-day periods. The children were encouraged to exercise, but their activity was not controlled. The variables studied and the methods used were the same as in the studies described for the previous hypothesis. Our results indicate that these children also caught up in height and lean body mass [8] . Weight gain lagged and skinfold thickness decreased slightly in children on the 81 kcal/kg/day diet stimulated to exercise, indicating the utilization of adipose tissue for energy balance.
For children, recovery from protein-energy malnutrition in day-care nutrition centers can be accelerated by physical activity programs. Observational data showed that 40-month-old children (average height 80 cm and average weight 8.4 kg) cared for at centers with a playground and mechanical play facilities recovered faster than those in day-care nutrition centers without those facilities. In centers with play facilities, normal weightfor-height was reached in 18 ± 3 weeks, whereas in centers without play facilities, it was reached in 28 ± 6 weeks (p < .05). All children received an adequate diet (40 g of protein, 1,200 kcal/day) and were mentally and emotionally stimulated [7] . We interpreted these findings as indicating that nutritionally induced or disease-induced inactivity contributes to stunting, and that physical activity allows normal or catch-up growth in young undernourished and stunted children.
Adult nutrition and productivity
Studies on socioeconomic conditions by INCAP and other Central American institutions made it very evident that poverty, particularly in the rural areas where subsistence agriculture dominated, not only was rampant and affecting child health and development, but also was associated with mild-to-moderate chronic adult undernutrition. Since the adult male is the main source of income in those societies, we decided to study the influence of nutrition on productivity. The negative impact of maternal undernutrition on birth outcomes had already been documented [1, 9, 10] . At INCAP, we had six beds for adult studies on body composition, nutrient balance, and work physiology in adults of productive age. These data, combined with data from field studies, provided the desired information.
A standard for body composition of Guatemalan men of productive age was established by studying second-year cadets of the elite military academy of Guatemala. The body composition of the cadets did not differ significantly from that of US soldiers. We then performed a series of studies, starting with a group of sugarcane cutters in a lowland farm in Guatemala. They turned out to have slightly lower lean body mass than the cadets and very low adiposity, suggesting that they were mildly energy undernourished.
With the cooperation of the administrators of sugarcane plantations and a soft drinks company (La Mariposa), we were able to do detailed, double-blind, cluster, longitudinal studies on 95 sugarcane cutters. Nearly half received, under supervision, either a high-or a low-energy drink while working in the field. The supplement consisted of either an orange flavored, sugar-containing drink plus vitamins A and C, or a similar placebo drink sweetened with an artificial sweetener plus the vitamins. Their health, body composition, energy cost of work, work output (weight of cane cut, area cleared of weeds, length of ditch dug per day), dietary intake, total energy expenditure, and the effect of increased energy intake on these variables were carefully recorded [11, 12] . These workers lived in distinct settlements within the plantations, allowing us to divide them into two groups according to settlement. We gathered weekly data for 48 weeks before supplementation, 90 weeks during supplementation, and 21 weeks after supplementation [13, 14] .
The amount of work done during the harvest season (May to November) was determined by the willingness of each worker to cut more or less cane, usually working in groups of four, in cane fields of similar characteristics. During the rest of the year, the workers were assigned work weeding or doing other chores to maintain the plantation. The drinks provided either 350 or 15 (placebo) kcal/day, and were provided twice daily for 5 days and once on Saturdays. The energy content of each drink was 175 kcal and 7.5 kcal per drink (energy-rich and placebo, respectively). The energy-supplemented group increased their total energy intake by an average of 10% during the supplementation period. This amounted to an increase of 290 kcal/day. There was a reduction in food intake at home, amounting to approximately 55% of the extra energy intake [15] .
The only significant change we were able to detect was an increase in triceps skinfold thickness in the high-energy group, occurring mostly during the offharvest season. There was no significant change in body weight, but there was a modest increase in body fat in the high-energy group. Anthropometric and bioimpedance body composition measurements gave the same results. We were unable to detect any significant acute or long-term effect of the type of energy supplement on productivity or work efficiency, but there was a trend for more work to be performed at the beginning of a new harvest season by the subjects consuming the high-energy supplement during the off-harvest season [2, 16, 17] .
In any case, efficiency declined later, possibly indicating that the efficiency wage hypothesis did not apply to this population, or that food energy intake was not limiting work output in cane cutters working under these conditions. Triceps skinfold thickness decreased in both groups during peak harvesting weeks. In the long run, the workers maintained energy balance. The mechanisms involved in this homeostasis were unknown [16, 18, 19] .
A second study was done in subsistence agricultural workers in the Guatemalan lowlands, mostly on coffee farms, where measurements of similar variables as in the previous study were obtained. It included 57 workers. Coffee was picked from September to December. Data on total nutrient (including energy) intakes and total energy expenditure were obtained, as in the previous study, by measuring the energy cost of several agricultural activities by respirometric techniques combined with time-motion studies of common daily activities. Work on farms, and on their own land parcels where they grew basic agricultural products for self-consumption or for sale, was voluntary. The energy balance of these populations was determined. These new studies demonstrated that there was a close correlation between daily energy expenditure and food energy intake. As a consequence, energy intake modulated the agricultural productivity of these populations. Studies correlating body composition with physical working capacity also brought clearly to light the negative functional effect of mild protein-energy deficiency, resulting in lower lean body mass and, particularly, in marked near absence of adiposity in adult male populations [20] .
A third study performed in the highlands included 18 men cultivating their own parcels for subsistence. These men were followed on different days of the week for a total of 6 weeks at different periods of the year. Time-motion data on different activities were collected from sunrise to sunset. These men left at sunrise to gather wood, which they brought home for cooking, and then left to walk to work in very hilly terrain. The activity level early in the morning was impressive but declined so that by midday they were nearly exhausted, returning home in the early afternoon showing deep physical fatigue. Usually they rested most afternoons, gathering to socialize near sunset. Their breakfast usually consisted of a cup of dilute coffee with sugar and one or two tortillas. Lunch usually consisted of one small corn-masa dry tamale. Dinner consisted of some beans, tortillas, herbs, and occasionally an egg or fowl meat.
The conclusions of all three studies, with various statistical models, are the following [21] : » Productivity significantly declined with age of the worker; » A significant determinant of productivity was the height of the worker, pointing to the importance of human capital formation during childhood; » Food energy intake was an important determinant of energy output in these physically active populations; » Near-maximal oxygen consumption and maximal oxygen consumption, measured by treadmill stress tests, correlated significantly with lean body mass and with productivity in the agricultural activities studied; » Energy supplementation did not improve work output in the short run, but it appeared to have a positive influence in the long run; » The hypothesis that short-term energy supplementation would increase work output was not confirmed in the sugarcane cutter populations that were possibly sufficiently well nourished, or that had defined work modalities determined by employers; » Under the above conditions, non-work activities (productive, recreational, etc.) are important factors in long-term energy balance and may improve the economic conditions, social interactions, and lifestyles of populations [16, 17] . Further studies on both rural men and women on the validity of anthropometric methods to predict body composition measured by densitometry indicated that current modeling based on anthropometry fail to adequately predict lean body mass in our populations, especially among those with low body mass index and body fat mass.
Protein and energy requirements in adults
The United Nations University published two volumes on protein-energy requirements of developing countries [22, 23] . Data produced by the Biomedical Division of INCAP contributed significantly to the conclusions in both volumes in which studies on adults explored the hypothesis that sanitation improves nitrogen absorption. Various aspects of this effort are detailed below.
The experimental design included measuring nitrogen balance in 13 healthy 18-to 22-year-old soldiers who had lived all their lives in poor, rural areas, except for their last 2 years. After 2 days of consuming a cornand bean-based diet typical of low-income rural adults, as found in previous 24-hour dietary surveys, nitrogen balance was measured for 21 days in a metabolic ward set up at the military post [24] .
The study also examined healthy men who had lived for more than 10 years in two similar lowland rural communities. In one of these communities, intrahousehold water supply and sanitary education were introduced after baseline studies for 2 years.
The subjects in both communities were studied for two additional years in order to measure the changes in nitrogen balance that took place in the intervened community [24] .
Additionally, in each of the rural communities, 46 or 54 healthy male volunteers aged 18 to 45 years were studied periodically in a similar metabolic ward set up at the regional lowland hospital. Strict control of diets prevailed in both metabolic wards. Their typical rural diets provided 50 kcal/kg/day, 285 mg nitrogen/kg/ day (1.78 g protein/kg/day), and approximately 540 mg of fat/kg/day. The percentage of energy supplied by protein was 13%, and approximately 34% of the protein was of animal origin [24] .
In the intervened and control communities, 34 and 28 adults, respectively, were compared longitudinally. The men resided in the metabolic unit for 8 days. Three-day balance studies were performed, starting the day after admission in the first year of the study, and two 3-day balance studies were done in subsequent years [24] .
The results of this significant effort show that improved sanitation, in both the army and the intervened community, significantly improved nutrient absorption, especially in the latter (table 2) [24] .
Another study, on rural adult women, evaluated energy expenditure by measuring the energy cost of 32 household and 58 agricultural activities and, on 18 women over 16 months, total energy intake and expenditure by adding daily time-motion records of their different activities [25] . Anthropometry was performed periodically as the women's physiological conditions changed: 12 were, or became, pregnant; 30 were lactating; and several had young children. Data on intake of energy, protein, and other nutrients were obtained by repeated 24-hour recall, based on the Central American food composition tables.
Energy cost ranged from a mean of 0.021 ± 0.003 kcal/kg/min (range, 0.017 to 0.026), when resting lying down, to 0.089 ± 0.016 kcal/kg/min (range, 0.058 to 0.134), when carrying a load uphill. Mean energy expenditure when performing agricultural activities, mostly picking coffee at harvest season, ranged from 0.021 to 0.064 kcal/kg/min. Total energy expenditure per day ranged from 1,678 ± 558 kcal in 12 pregnant women to 1,845 ± 483 kcal in 28 lactating women. Weight gain during pregnancy averaged 6.1 ± 3.1 kg. Total daily energy expenditure was surprisingly constant, ranging from 39 to 41 kcal/kg/day [25] .
Protein and energy requirements in children
Many studies were conducted to determine the energy and protein requirements and their relationships in children housed in INCAP's Clinical Center, including balance studies in children either during recovery from protein-energy malnutrition or after they were fully recovered (based on weight-for-height), CHI, and several biochemical determinations [26] [27] [28] [29] [30] [31] [32] [33] . In every case, the families of the children were informed of our research plans in a language that they could understand. In several cases, the studies involved prolonged stay at the Clinical Center with nursing care and physical, mental, social, and emotional stimulation provided by a dedicated nursing staff. Most studies included nitrogen and energy balance assessments, energy-protein interrelationships, insensible nitrogen losses, and growth, body composition, and diverse functional evaluations. The main conditions are summarized here, with the results and conclusions derived from these efforts.
obligatory fecal and urinary nitrogen losses of preschool children
Obligatory fecal and urinary nitrogen losses of preschool children were measured for 9 days in five physically active, fully recovered male children 24 ± 5 months of age consuming a fiber-and nitrogen-free diet providing 100 kcal/kg/day and containing a mineral and vitamin mix and vegetable oil providing 30% of total energy. Nitrogen losses measured from the fourth to the ninth day were 34.2 ± 5.3 mg nitrogen/ kg/day from urine,19.5 ± 6.9 mg nitrogen/kg/day from feces, and 53.7 ± 8.1 mg nitrogen/kg/day from both together [34, 35] . After adding 15 mg nitrogen/kg/day for normal growth, multiplied by 1.3 as suggested by FAO, the mean requirement becomes 96.2 mg nitrogen/ kg/day, equivalent to 0.6 g of egg or milk protein/kg/ day. This estimate coincides with results from multiple nitrogen balances performed with milk and soy protein isolate (described below).
Integumental nitrogen losses were measured in four preschool children who were fully recovered from protein-energy malnutrition, with an average age of 18 ± 3 months (height age, 14 ± 2 months), consuming different sources of dietary protein (egg or rice-soymilk) that provided 320, 240, 160, or 80 mg nitrogen/ kg/day, each for 10 days, for a total of 40 days with each dietary source (table 3). These diets provided 2.0, 1.5, 1.0, and 0.5 g of protein/kg/day, respectively. For 21 days between the first 40-day period, with one of the two sources of protein, and the following 40-day period, with the second source of protein, the children received a mixture of rice-soy-milk plus egg.
At the end of all the dietary periods, they received a diet providing 9 mg nitrogen/day (essentially a nitrogen-free diet). All of the diets were liquid, contained a vitamin-mineral mix, and provided 90 kcal/ kg/day, 20% coming from fat. The nitrogen-free diet consisted of purified cornstarch, vegetable oil, sugar, artificial flavor, and water. Before each dietary period, the children were bathed with a nitrogen-free nonionic detergent and were dressed in clothing that was previously washed with 0.5% acetic acid, as were the sheets and bibs. At the end of each 10-day period, the nitrogen content of all wash water (bath and clothes) was measured. Serum proteins, albumin, hemoglobin, CHI, and basal oxygen consumption remained constant.
On the nitrogen-free diet, the subjects gained weight at first but lost weight as protein intake declined, reaching a weight loss of about 12 g/day. Nitrogen retention was always positive with the egg diet, declining from 58 ± 16 mg nitrogen/kg/day with the diet providing an intake of 320 mg nitrogen/kg/day to 2 ± 11 mg nitrogen/kg/day with the diet providing 80 mg nitrogen/kg/ day. With the rice-soy-milk diet, nitrogen retention was 94 ± 112 mg nitrogen/kg/day with the highest nitrogen intake but was −20 ± 15 mg nitrogen/kg/day on an intake of 80 mg nitrogen/kg/day. Fecal and urinary nitrogen losses declined as nitrogen intake declined. Integumentary losses did the same and were correlated with serum urea nitrogen levels [35, 36] .
Protein requirements of preschool children consuming milk and soy protein isolate
This study on 10 children fully recovered from proteinenergy malnutrition, aged 23 ± 4 months (height age, 15 ± 3 months), compared nitrogen absorption and the amount of nitrogen needed to retain 24 mg nitrogen/ kg/day, based on regressions of apparent nitrogen balances when protein intakes were 1.25, 1.00, 0.75, and 0.50 g/kg/day from either source [37] . Obligatory nitrogen losses and nitrogen required for normal growth for these children were 24 mg nitrogen/kg/day. Energy intake was kept constant at 100 kcal/kg/day, 27% provided by cottonseed oil. Adequate mineral and vitamin contents of the diets were also kept constant. Each liquid diet was fed at 3-hour intervals for 9 days at each protein level, following either an ascending or a descending design. At the end of the fourth period with a given protein level from each protein source, protein intake was boosted to provide 2 to 3 g of protein and 100 kcal/kg/day for 14 days, and then feeding with the other protein source was begun.
Regression equations were calculated with these data, yielding the following conclusions: » The amounts of nitrogen required by children of this age were, for skim milk as protein source, 98 mg (0.61 g protein; individual coefficient of variation, 14% to 16%), and for soybean protein isolate as protein source, 120 mg (0.75 g protein; individual coefficient of variation, CV, 14% to 16%); » Soybean protein isolate had a nutritive value of 82% compared with skim milk; » Considering the FAO/World Health Organization (WHO) allowance of 30% as a safe level of intake, 0.79 g of protein from milk and 0.98 of soybean protein isolate per kilogram per day would be required.
Using the higher limit of 95% confidence bands, the respective values would be 0.94 and 1.01g protein/kg/ day [38] . In any case, the requirements are lower than the 1.19 g of milk protein/kg/day suggested by FAO/ WHO [39] .
use of corn-bean mixtures to satisfy protein and energy requirements of preschool children
The main purposes of an ambitious series of four studies were to determine if preschool-age children can satisfy their protein (nitrogen) requirements with spontaneously self-selected combinations of cornbean preparations when eating at libitum as long as they satisfied their energy requirements and growth Protein intake (g/kg/day) Nitrogen (mg/kg/day) rate was normal [40] so that the proportions of corn and beans result in the best nitrogen retention and the energy density that satisfies both nitrogen and energy requirements and growth when children are eating ad libitum [40] . Four stunted children, 21 to 28 months of age (height age, 14 to 16 months), were fed diets providing 100 kcal/kg/day plus vitamin and mineral mix and, for 2 weeks each, diets in which corn and beans were the only protein sources (76% from corn, 24% from beans), providing 1.0, 1.25, 1.50, 1.75, 2.0, and 2.25 g protein/ kg/day. An intake of 1.4 to 1.5 g protein/kg/day (230 to 240 mg nitrogen/kg/day) satisfied all nitrogen balance requirements, including those needed for adequate growth (fig. 2) . At 95% confidence, the safe allowance of protein was 1.7 g protein/kg/day or 20.7 mg N/kg/day.
In a similar design, nitrogen balance was measured four times in each of four children receiving a diet providing a 60:40 protein ratio from corn and beans. In this case, an intake of 260 to 270 mg nitrogen/kg/day (1.62 to 1.69 g protein/kg/day) achieved similar results.
Children fed ad libitum chose a corn-to-beans protein ratio of 49:51, consumed 330 to 370 mg nitrogen/kg/ day (2.06 to 2.31 g protein/kg/day), and achieved much higher nitrogen retention. Four similar children were fed a corn-bean diet providing 1.75 g protein/kg/day, with a 50:50 protein ratio, but with different energy densities (35, 41 , and 49 kcal/g protein). Once they consumed it, they were allowed to eat more of the diet ad libitum plus banana and lemonade. Total caloric densities were 4.5, 4.9, and 5.4 kcal/g dry weight, and energy intake was 84, 96, and 102 kcal/kg/day, respectively (95%, 108%, and 115% of required energy). The mean height gain for all children was 97% of expected for their height age, and the weight gain, as energy density increased, was 54%, 123%, and 110% of expected, respectively. Thus, children with a 50:50 ratio of protein from corn and beans can grow well unless energy density is low (4.5 kcal/g dry weight) [40] .
Capacity of habitual Guatemalan diets to satisfy protein requirements of preschool children with adequate dietary energy intakes
In a study on 11 healthy boys, fully recovered from protein-energy malnutrition and 37 ± 4 months of age (height age, 20 ± 4 months), weight-for-height, CHI, and other biochemical values indicated excellent nutritional status [41] . The study lasted 11 weeks and consisted of three phases: 2 weeks of ad libitum consumption of what were to be the experimental diets prepared at the experimental kitchen at INCAP's Clinical Center. These were followed by 1 week of the same diets with their energy densities increased by addition of oil and sugar in order to ensure an energy intake of 87 to 97 kcal/kg/day. Then came the 8-week experimental period, consisting of two 4-week periods when the children were offered three meals and an afternoon snack administered by auxiliary nurses who acted as mothers, to be consumed ad libitum. Corn tortilla flour and black beans were the main protein sources, at a protein ratio of 71:21. Total protein intake was obtained from 100 mL of milk and selected vegetables daily, one egg twice a week, and 40 g of meat once a week.
Total protein intake averaged 1.75 g/kg/day. Protein provided 9.5% of total energy and fat provided 17.2%. A daily mineral and vitamin mixture was also administered. Different diets were given on different days of the week, but the same diet was given on the same day each week. Balance studies were performed to include every weekday for a total of two 7-day measurements initially (days 0 to 14) and near the end of the 8 weeks (days 42 to 56), for a total of four "balance periods. " The children were encouraged to exercise by participating in active games in INCAP's gardens.
In general, food intake was as expected based on previous experiences and weight gain was adequate. Six children showed some catch-up in height, whereas the other five gained height according to their height age [41] . Anthropometric measurements suggested an increase in lean body mass at the expense of fat mass. Seventy-two percent of ingested nitrogen was absorbed, and the amount of nitrogen retained was at least twice the estimated amount needed for normal growth and replacement of insensible losses. Basal and total energy expended, as well as all biochemical indicators of nutritional status, were normal. In general, these diets were adequate for nutrition and provided 92 to 95 kcal/kg/day in energy intake. An important finding of this study was that any illness (some mild and moderate viral illnesses occurred) resulted in lower food intake, low weight gain, and decreased nitrogen retention [41] .
Energy requirements of preschool children and effects of varying energy intake on protein metabolism
Six boys fully recovered from protein-energy malnutrition, 30 ± 8 months of age (height age, 17 ± 5 months), were studied at INCAP's Clinical Center for 120 days, during which they received diets of 100, 92, and 83 kcal/kg/day for 40 days each [42] . The protein intake was 1.75 g protein/kg/day; all proteins were of vegetable origin, and at least 95% of protein was supplied by corn and beans (42:58) . In contrast to other studies, no multivitamin, multimineral supplement was administered. Only sugar fortified with vitamin A and iron as sodium iron ethylenediaminetetraacetic acid (NaFeEDTA) was part of the diet. To simulate rural conditions in Guatemala, 15 µg of vitamin A as retinol palmitate per gram of sugar and 13 mg of iron per 100 g of sugar were added. The diet provided 0.54 of crude fiber/kg body weight/day. Every 20 days, feces and urine were collected over 96 hours for measurements of nitrogen and energy balance. Total energy expenditure was measured in the basal state and by heart-rate monitoring. The correlation between heart rate and energy expenditure was standardized for each child by progressive treadmill exercise loads. Body composition was estimated by anthropometry [42] .
The average protein intake was 1.73 g/kg/day, and the average energy intakes were 118, 106, 99, 91, and 81 kcal/kg/day. Apparent energy absorption was 88 ± 6% and nitrogen digestibility was 59 ± 9% (apparent) and 66 ± 9% (true). Anthropometric variables indicated adequate growth in height and weight, except for weight gain when intake was 71 kcal/kg/day. Nitrogen balance was adequate and did not change with energy intake. Energy intake and expenditure reached equilibrium. The adaptation to reduced energy intake, however, was not explained by reduced basal energy or physical activity expenditures [42] .
habitual Guatemalan diets and catch-up growth of children with mild-to-moderate malnutrition
To determine whether a diet based on the traditional Central American foods allowed catch-up growth, if it was consumed in sufficient quantities to satisfy hunger, if it was made energy dense by adding oil and sugar, and if children were stimulated to eat that diet and be active, we studied nine boys and four girls, 15 to 40 months of age (mean age, 27 ± 7 months), living in two villages close to Guatemala City [43] . All had been attending a child-care center for 6 days a week for 4 months and were transported and housed at INCAP's Clinical Center with full parental consent. Four children (three boys and one girl) had weight-for-height below 92% on admission. Eleven children were studied for 12 to 14 weeks and two for 9 weeks after an adaptation to the Clinical Center for 2 weeks.
The diet was mixed, simulating the rural diet in Guatemala, and eaten ad libitum by each child. On average, it provided 1.99 g/kg/day of protein and 98.3 kcal/kg/day of energy, with 15.7% of energy from fat. In contrast to other studies, no multivitamin, multimineral supplement was administered. To simulate rural conditions in Guatemala, only sugar fortified with vitamin A and iron as NaFeEDTA was used (15 µg of vitamin A as retinol palmitate per gram of sugar and 13 mg of iron per 100 g of sugar). All of the children were stimulated to play and to be physically active. All of the techniques used in this study were the same as those in other studies already described, but fecal and urine collections were constant throughout the duration of the study, including when the children were mildly-to-moderately sick [43] .
On average, the children grew in height at slightly below the expected rate, but four had a slight catch-up. Weight gain was adequate. Those with weight-forheight less than 92% at admission (mean, 86 ± 2%) gained more weight, reaching 94 ± 3% weight-forheight. All biochemical indicators showed adequate nutritional health. All illnesses, which were mostly mild upper respiratory viral infections, resulted in a decline in food intake and lower weight gain, but recovery occurred rapidly so that overall nutrition improved. In conclusion, the habitual Central American diet satisfies the energy and protein needs of well-nourished children when it provides 80 to 85 kcal/kg/day and allows catch-up growth when it provides 95 to 105 kcal/kg/ day, as long as the children are infection-free [43] .
Recommended amino acid intakes for preschool children
Based on the intriguing results of these prior studies, we examined the requirements or the recommended levels of intake of specific essential amino acids. This effort was fueled by the lack of experimental information at the time. FAO/WHO had recommended amino acid levels for preschool children based on extrapolations from those for infants (which were based on the amino acid composition of breastmilk) and from those for 10to 12-year-old children and adults on the assumption that a protein with the amino acid composition derived from both patterns would satisfy the amino acid needs of preschool children if they consumed 2 g of protein/ kg/day [39] .
An FAO/WHO expert committee also suggested that the relative biologic value, or score, of different proteins could be derived by comparing their amino acid compositions with the proposed amino acid pattern [39] . We suspected that these FAO recommendations were too high, as derived from our studies of mixed diets based on milk, soy protein isolate, egg, and corn and beans, and proceeded to study the requirements or the recommended intakes of the essential amino acids isoleucine, lysine, methionine + cystine, threonine, tryptophan, and valine.
The following methods were used to determine the individual amino acid requirements and recommended intakes [44] [45] [46] [47] . The subjects were 42 children 2 years of age who had been fully recovered from protein-energy malnutrition, according to the criteria outlined above, for at least 2 months before entering the study. They were adapted to the study diets by initially being given 1.2 g/kg/day of milk with progressive substitution of 0.9 g/kg/day of milk protein with a synthetic amino acid mixture over 6 days. The core diet contained 0.3 g/kg/day of protein from milk and the equivalent of 0.6 g of protein /kg/day as an aminoacid mixture resembling the composition of milk ("core diet"). Six children were studied for each amino acid. The children were fed semisynthetic diets providing a constant intake of 192 mg nitrogen/ kg/day, equivalent to 1.2 g protein/kg/day, and 100 kcal/kg/day of energy, of which 30% came from vegetable oil, plus vitamins and minerals. The diets were administered in five identical meals per day.
The semisynthetic diets contained the equivalent of all the amino acids not being studied in 0.9 g of milk protein, and either an amount of the amino acid being studied similar to that in milk or a decreasing amount, in four consecutive steps of the aminoacid being studied down to 0 (descending pattern), or the reverse (ascending pattern) where the amount of the amino acid being studied was increased from 0 in four consecutive steps up to the amount contained in 0.9 g of milk protein. Glycine was added to supply the nitrogen that was not being supplied by the amino acid being studied in order always to have an isonitrogenous diet. Each step lasted 9 days; Average the amount of the amino acid being studied was progressively increased in three children and decreased in the other three. Nitrogen balance was measured in the last 4 days of the 9-day period and was considered adequate if nitrogen retention was at least 24 mg/kg/day (8 mg of obligatory nitrogen losses plus 16 mg for growth). As expected, nitrogen retention changed depending on the amount of the amino acid being studied that was ingested, declining when the amino acid became progressively limiting in the descending pattern, and reaching a stable positive balance when it was no longer limiting in the ascending pattern.
The ratio of urinary urea to creatinine and the plasma amino acid contents were measured on the ninth day of each diet period, before the level of the amino acid being studied was changed. The urea-to-creatinine ratio increased when the amino acid being supplied by the diet was insufficient, leading to nitrogen release from tissues. The plasma concentration of the amino acid being studied declined as it became limiting (in the descending pattern) or increased as it was becoming adequate (in the ascending pattern) .
Adequate amino acid intakes were those resulting in a stable 24-hour urinary urea-tocreatinine ratio, below the mean plus 2 SD of the ratio existing during the semisynthetic diet providing all the amino acids in 1.2 g of milk protein and the free amino acid being tested in plasma and erythrocytes was stable, after a 12-hour fast and 4 hours after the first meal of the day. That is, it showed no tendency to fall in the descending pattern or no longer increased in the ascending pattern.
Following these strict criteria, the results were discussed by the research team and a unified criterion was reached, such as those for lysine (table 4, figs. 3, 4) . As is evident, except for lysine and tryptophan, the present suggested values were lower than those recommended by FAO/WHO [45] [46] [47] .
The recommended intake for the amino acid being investigated consisted of the lowest average intake level that fulfilled the above-stated criteria. The mean requirement would fall between that intake level and the mean intake showing the beginning of changes indicating insufficient intake based on the variables indicated above.
These values were the object of discussion at the Conference and Workshop on Protein Quality held at Airlie House, Warrington, Virginia, USA, in March 1980. Given the high coefficient of variation, which has been estimated as greater than 15%, the number of children studied was too low to produce convincing results. However, it appeared that the experimentally determined recommended intakes of amino acids were no different from those proposed for adults based on nitrogen balance, a result suggesting that what matters in defining the recommended protein intakes for children and adults is the amount of nitrogen (protein) required for nitrogen balance. Other studies followed, both in children and in young adults, using a rapid, non-steady-state nitrogen balance method. This method yielded similar results, but the coefficient of variation of the estimates was higher. At the time of the FAO/WHO Expert Committee Meeting in Rome in 1981 [48] , these data were the only available basis for the estimated amino acid requirements for children. FIG. 4 . Nitrogen balance determined in children fed different levels of lysine from a semi-synthetic diet containing from 0 added lysine to 0.3 g milk protein/kg/day to the added lysine contained in an additional 0.6 g of milk protein in four consecutive steps (ascending design) and the inverse, starting from the high added level of lysine down to 0 in four consecutive steps (descending design). The horizontal line represents the minimal N retention for growth of these children based on their height-age. 
